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SUMMARY

An snalysis was undertaken to arrive at a mathematical formula by
which the shear strengths of honeycomb cores for sandwich constructions
could be calculated. The analysis is partly empirical, being based upon
data obtained from previous tests of plywood panels. It was applied
successfully to honeycomb cores composed of resin-impregnated papers,
but should be verified for materials greatly different béfore it is
generally applied.

A general formula is suggested for use when the cell walls of the
honeycomb cores buckle before or at failure. If the cell walls do not
buckle, the specific shear strength is approximately constant for cores
made of similer materials and having similar cell shapes.

INTRODUCTION

If plates of ‘sandwich construction are designed so that their facings
are elastically stable, the most critical stress to which the core is sub-
Jected is shear. 1In a honeycomb type of core construction, a change in
the shape or size:of the cells or in the type or thickness of the cell
walls may be expected to change the strength of the core.

In the present report an analysis was undertaken to asrrive at a
mathematical formula by which the shear strengths of honeycomb core
meterisls could be calculated. It is assumed that each cell wall -acts
independently, like a plate supported end loaded along its edges, and
that the shear strength of the honeyconb will be determined by the
failing stress of these plates. A similer anslysis has been completed
on the compressive strength of honeycomb cores. (See reference 1.)

Experimental verification of the formula of the present report was
obtained by tests of honeycomb-type sheets of resin-impregnated paper
(fig. 1) 5 two groups of specimens were tested, each of which represented
a different resin-impregnation treatment of the basic paper.
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This investigation was conducted et U. S. Forest Products Leboratory
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Advisory Committee for Aeronautics.

DERTIVATION OF FORMULA

It is assumed that each cell wall of the honeycomb structure will
act independently, like a plate supported and loaded slong its edges,
and that the shear strength of the honeycomb will be determined by the
failing stress of the plates.

The critical buckling stress of such a plate is expressed by the
following formula (reference 2):

2
Top = KE -1-15 (1)
Y

where

Ter critical buckling stress of plate in shear, psi

a: width of plate, inches

h thickness of plate, inches

E modulus of elasticity of plate material, psi

k constant depending on type of edge support and directional

properties of plate

For the formule to be generally applicable to honeycomb constructions,
the velue of k must teke into account the narrow walls of double
thickness at the junctions of the corrugations, the wider walls of single
thickness, and the fact that the wider walls may be curved rather than
flat.

As for plates in compression, the failing stress generally exceeds
the critical buckling stress. (See reference 1.) It cen be shown that
for plywood plates a good approximation of the data is given by the
equation ’

Te _ (Ter)2 (2)
T \Tu
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where

Te average shear stress of plate at failure due to buckling, psi
Ta shear strength of plate material, psi

Ter critical buckling stress of plate in shear, psi

Equation (2) is valid only if the computed critical stress Ter is less
than the proportional limit of the material.

Figure 2 is & plot of the results and the empirical curve of ply-
wood plates tested in shear in reference 3. The data are plotted on
rectangular coordinates. The ordinate is the ratio of the average
shear stress at failure due to buckling to the shear strength of the
material 'rf/-ru, and the abscissa a nondimensional parameter of panel

width a/ay. The value 8o 1is the width of a panel which will fail
Just as the panel buckles. Thus from equation (2):

T 1/2
g(--)/ 3

By using this equality, a second empirical curve was superimposed on the
experimental data by employing equation (2). It can be seen from fig-
ure 2 that the plotted points fall reasonably well around this curve

except at high values of Tf/Tu, where the critical stress often exceeds
the stress at the proportional limit of the material.

Equation (2) can be expanded to
Te = ("'cr'ru)l/2
- B (xm)H/2(r /2 (4)
and the specific shear strength of the material is

Tg = gh_a (kE)l/E(Tu)l/E

where g is the specific gravity of the material. Also, Tg may be
considered the specific shear strength of a honeycomb construction, since
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where T, is the apparent shear strength in poimds per square inch
and g, is the apparent specific gravity of the core structure.

Following the reasoning outlined in reference 1, it can be seen
that the shear stress is dependent upon the thickness and width of the
cell wall. Since the plates in many honeycomb cores are not flat, it
is impossible to determine the proper widths of the individuel plates.
This width, however, can be considered proportional to any éross-
sectional dimeénsion of the cell. The proportionality factor will be
different for cells of different shape, but will not change with cell
size or cell-wall thickness. For purposes of convenience in commection
with cores made of corrugdted sheets cemented together, the plate
width a will be considered proportional to the height of the corru-
gation a; that is,

a = no (5) .

It is difficult to measure accurately the thickness of the cell
walls in a honeycomb core. This thickness, however, can be expressed
in terms of the apparent specific gravity of the core and the specific
gravity of the material from which the core is made. The apparent
specific gravity cam be celculated from the weight and gross dimensions
of a piece of the core, and the speg¢ific graviiy of the material can be
calculated from the weights of a piece of the core in air and submersed
in a liquid. N . .

Figure 1 is a sketch of a section of a half cell, or one complete
corrugation of the corrugeted material used in the manufacture of the.
core. The weight of this section is

w = ruchbgq

where q is the density of water, and r, u, oy h, and b are as shown
in the figure.

The gross volume of the piece shown in figure 1 is

v = (o + h)uchb

and the apparent specific gravity

_ W rhg o
€a Tvg o+ 1 (6)
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- Ba (7
Tg - g,

Qs

in which r is the ratio of the developed (originsl) length of the
corrugated sheet to the length of the sheet after corrugation. This
ratio can be determined in a number of ways.

Combining equations (4) and (5),

_ Hha (kE)l/E(T.‘u)l/2

The constants n and k are related to the shape of the cells, so that
they may be combined into a single constant c'

Tp = % C,El/a(T u)1/2

" and the specific shear strength for specific gravity g is

c'Bl/2(1,)1/2
g

. _b
5 q

(8)

If all the honeycomb cores are made of the same materisl, g, E,
and T, remein constant and can be combined with c¢' +to form a single

constant C.

Equation (8) can then be combined with equation (7) into the simple
form )
&g

Ts=C———rg_ga

(9)

where

ot (E)1/2(Tu)l/2
g .

and can be evaluated from experiments in which the other qua.ntlties in
equation (9) have been measured.

The value of C will remain constant even for different materials,
provided the modulus of elasticity and the proportional limit vary
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directly with the specific gravity. This is approximately trpe for a
paper impregnated with a resin. If the resin content varies over a
limited range, the modulus of elasticity and the proportional limit will
be roughly proportional to the specific gravity.

The value of C is useful in the comparison of two honeycomb cores
of different cell shapes and made of different materials of sizes such
that the cell walls buckle before failure. If specimens of two such
cores do not have identical apparent specific gravities, a comparison
of their specific shear strengths is not proper because the apparent
shear strength does not vary directly with the specific gravity. A com-
parison of the values of C for the two cores is, however, accurate,
inasmuch as such a comparison ylelds a ratio ldentical to that which
would be obtained if specimens of like specific gravities were compared.
The dimensions of C are those of a specific stress, and therefore C
might be called the fundamental specific shear stress.

If the cores are such that the cell walls do not buckle before
failure, the constant C should not be used as a comparison of the two
materials. In such a case, the apparent shear strength of each core
will vary directly with the spparent specific gravity of the material.
If the two cores have identical apparent specific gravities, the ratio
of their apparent shear strengths will be the same as the ratio of their
specific shear strengths.

EXPERIMENTAL VERTFICATION

Eleven blocks of honeycomb core material were fabricated for the
tests to verify the formula. Several thicknesses of paper and two cell
sizes were employed to obtain a suitable range in apparent specific
gravity among the blocks. The first group of six blocks was a compara-
tively low-strength series, selected so that buckling of the cell walls
would occur before failure in some of the constructions. The second
group of five blocks was of higher strength, in which no buckling
occurred.

The core material for group 1 was made from four thicknesses of
kraft paper. The paper was treated with about 20 percent by weight
(based on the treated sheet) of water-soluble phenol resin and corrugated
with A- or B-flute corrugations. The sheets were then bonded crest to
crest with an acid-catalyzed phenol-resin adhesive with a spread of about
2 to 3 grams of adhesive per square foot of corrugated paper. The core
was then placed in en oven at a temperature of 125° ¢ to cure the resin.

The core material for group 2 was made from three thicknesses of
kraft paper. The paper was first pretreated with about 10 percent by
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welght of water-soluble phenol resin and corrugated with either A- or
B-flute corrugations. The sheets were then treated with 50 to 55 per-
cent by weight (based on the cured treated core) of a high-temperature-
setting, low-viscosity, laminating resin of the polyester type, and were
bonded crest to crest into blocks of honeycomb material. The core was
subjected to a temperature of 135° C to cure the resin.

Specimens were cut perpendicular to the direction of the cells from
the finished honeycomb blocks, to a thickness of 0.500 ¥ 0.005 inch. The
specimens were trimmed to 2.00 by 6.00 inches and bonded to shear plates.
Shear was applied by the tension-frame method described in reference k.
Figure 3 is a detailed drawing of the tension specimen. The specimens
were made so that shear deformation resulted in the LT-plane for some
specimens and in the LR-plane for others (fig. 4). For specimens to be
tested in the LR-plane, three widths of core material were bonded crest
to crest in order to obtain a specimen of sufficient length.

Failure of the A-flute type of specimens of group 1, in both the
LT- and LR-planes, was caused by buckling of the cell walls, followed by
either complete collapse of the cells or a shear failure of the core
parallel to the shear plate. There was no evidence of buckling in either
type of B-flute specimens. Failure of specimens tested in the LT-plane
was primarily due to shear failure parellel to the plate, while failure
of specimens tested in the LR-plane was due to a combination of shear
failure of the material and of the bonds between the corrugated sheets.
The specimens of group 2 showed no evidence of buckling before or at the

maximum stress, and the primery fallure of these specimens was due to
diagonal tension of the core.

Test data and pei’tinent information gbout each block of core material
are given in teble 1.

When the specimen fails by buckling of the cell walls, as in group 1,
equation (9) may be applied as follows:

rE -
C=Ts-_-—g ga

(10)
&g

Substituting appropriate values from table 1 in the above equation, the
constants for blocks tested in the LR-direction (subscripts denote block
numbers) are

1.35 x 0.789 - 0.0236

C31 = 710 0.0236 = 31,300
C3p = 33,000
C33 = 30,200
C3y = 25,200
C5 = 23,900

Average 28,700

- ———— - e - —
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The vaelue of Cs is included in the average because, although no

buckling was noted, the value is similar to the others, a fact that
indicates that this particular construction is close to 'bhe point where
'buckling may or may not teke place.

Similerly, for specimens tested in the LT-direction:

C31 = 39,700
C3p = 53,700
C33 = 50,800
"C3y = 42,400
C5 = 141,200

Average 15,600
Again Cs is included for the reason mentioned above. ‘

The values of C are reasonably constant within each group, a fact
that indicates that equation (9) is & reasonable one. The higher value
of C obtained from tests in the LT-direction indicates that the shear
strength in that plane is approximately 60 percent higher than the shear
strength of a comparable specimen in the LR-plane. Examination of this
type of honeycomb structure shows that such a difference is to be
expected. '

Thus the equation

8a

= 28 700 —2_
rg ~ ga

(22)

can be gpplied to this type of honeycomb material subjected to shear
strains in the LR-plane. The equation

= W —2 i
5,600 rg — (12)

can be gpplied to this type of honeycomb material subjected to shear
strains in the LT-plane.

For design purposes, equation (11) or (12) can be applied to honey-
comb cores that buckle in order to determine what apparent specific
gravity is required to obtain a desired specific shear strength. Fig-
ure 5 shows the relationship between the apparent shear strength and the
apparent specific gravity of the honeycomb structures of group 1. It is
evident that'the equations are applicable only in ‘the buckling renge,
"and at higher strength values the apparent shear streng‘l:h varies directly
with the apparent specific gravity.
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In case the cell walls do not buckle before failure, as in group 2,
the apparent shear strength is directly proportional to the apparent
specific gravity; that is, the specific shear strength is approximately
constant. This is illustrated by the specific-shear-strength values of
specimens from group 2 (table 1) or by the plotted data (fig. 6).

The experimental values obtained from the tests are in reasonable
agreement with the curves in figures 5 and 6. The deviation of the
experimental values is probably due largely to the variation in the
specific gravity of the impregnated papers maeking up the core material
and to the variation in the values of r for the individusel specimens.

From the data discussed above, a paper-honeycomb core msterial can
be designed to meet specific requirements. If a low-strength material
is desired, that is, one that will buckle before failure, equation (9)
can be applied to arrive at a calculated value. Equations (11) and (12)
will probably be valid for honeycomb cores made of this type of material
and having cell shapes similar to those of the cores tested. If a
different materiel is used, a few tests can be made to determine the
value of the appliceble constant, and this equation can be used for
design purposes. If the honeycomb core material is such that buckling
does not occur before failure, the apparent shear strength will vary
directly as the apparent specific gravity.

¥

Forest Products Laboratory
Madison, Wis., June 17, 1949
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TAHLE 1.- FROPERTIES AND DIMERSIOHS OF KRAFPT-PAFER BONEYCOMB CORE MATERTAL YESTHD

HBolght of
Apperent Bpecific Apparent |. Bpocific Thickness corrugatdons Ratio of Ratio of original
Fumber | pyrartion Cormgation shear shear specific gravity of of material | plus thick- corrugation length of corrugated
Oore of of test Tlute strength, | strength, | gravity of meterial, {approx.}, neas of haight to sheat to lamgth
tasts f type Ta Tg waterial, g h matarial, wave length, of sbeet after
{pol) (pei) a {in.) a+h l/a corrugation, r
(a) . (1n.)
+ Oroup 1 - Corss impregnated with 20 pexcent wvater-sclubls phenolic resin
o 5 IR A 16.7T | T 0,0236 0.828, 0.002 0.161 0.9 1.89
5 i A 2.3 | 900 0236 . 002 +161, .30 1.99
32 3 LR A e1.6 9ho 0295 J179 .003 2169 ) 1.36
5 LT A 5.1 1530 0205 T8 .003 169 Je 1.36
33 g LR A k2.1 1110 .0378 TS 005 176 9 1.3%
b7 A 70.8 1670 0378 ST 005 176 &5 1.39
34 3 IR A 6k.0 1260 .0%07 T .008 180 X7 1.4
5 .. A 107.% 2120 0507 TS 008 .180 N7 1.4
5 ' 3 IR B 12'6 1510 0832 B46 005 050 .32 1,30
[} m: B .3 2600 0632 846 005 050 .32 1.38
36 3 IR B 133.6 15 .0850 JT6L .008 .00k .3 1.28
L T B 235.9 .08%0 ~T6L 008 09k .34 1.8
b 789 b ho ty,398
Oroup @ -~ Cores impregnated with 50 to % percemd low-viscoeity polysster resin
18 5 LR A e eﬂg 0.07T% 1.2T 0.003 0.142 0,37 1.28
5 7. 4 A 256 3 079 1.27 005 142 37 1.28
13 5 IR A 36 2780 121 1.29 .009 136 35 1.2%
5 bF.J A ieﬁ 35h0 L. a2 1.29 .0 136 35 1.2
14 5 LR A 4k 2610 172 1.27 .012 a7 -] 1.19
9 Lr A 670 3900 172 1.e7 012 27 .32 1.19
5 LR B {151 . 1.30 .009 - 058 .36 1.27
6 L B 611 @ i‘% 1.30 009 098 .36 1l.27
5 IR B 631 2650 L% 1.28 .013 .09% a2 1.19
& I B 827 3480 298 1.28 013 .093 .32 1.19
b1.08 . b3k by ey

Sgpacimens tested to produce shear deformation in either IR- or TR-plena. (Bee fig. &.)
bivarage of valoas in group.
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Figure 2.- Composite effective ultimste stress for plywood panels tested
in shear. Data taken from reference 3.
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Figure 3.- Detail of tension-frame shear specimen used for shear tests of
sandwich core material.
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Figure k.- Paper-honeycomb block showing directional orientations, referred

to as L (longitudinal), R (radial), and T (tangential).
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Figure 5.- Apparent shear strength of paper honeycomb cores against
apparent specific gravity. Initial part of curve where cell walls

buckle is based on formula Tg =C -—8—84——..
T€ - &g
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Figure 6.- Apparent shear strength of paper honeycomb cores against
apparent specific gravity. Cell walls of cores did not buckle.
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